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The authors report on electric-current-driven vortex-core ͑VC͒ reversal ͑switching͒ and the accompanying spin-wave emission, driven by spin-polarized ac currents of different amplitudes and frequencies, investigated by micromagnetic calculations of the dynamic evolution of a magnetic vortex in Permalloy nanodots. The magnetization orientation of the VC is effectively switchable between its upward and downward bistates and controllable by applying current above its threshold density, but with sufficiently small magnitude at frequencies close to the vortex eigenfrequency. This VC reversal phenomenon occurs through the creation of a vortex-antivortex pair and the subsequent annihilation of the initial vortex and the created antivortex, when the velocity of the initial VC reaches its critical value of approximately 340± 20 m / s for the given material and geometry. In the course of these serial processes and immediately after VC switching, strong spin waves are emitted. These results provide physical insights into how and when current-driven VC switching takes place, thereby offering a means to manipulate bistate VC orientations. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2773748͔
Magnetic vortices ͑MVs͒ are observed typically in patterned or continuous soft magnetic thin films. The MV structure consists of in-plane curling magnetizations ͑Ms͒ and out-of-plane Ms at the core region.
1-4 The vortex-core ͑VC͒ region ranges in size from 10 to 20 nm.
2,3 This vortex state can be used as a memory unit cell in future memory devices, because not only does the MV have two discrete states of upand down-core orientations and two rotation senses ͑clock-wise or counterclockwise͒ of the in-plane Ms but also the MV state is stable in sufficiently small lateral sizes ͑Ͼ20 nm͒ and thicknesses ͑Ͼ2 nm͒ of nanoelements.
5 Also of recent and growing interest are the dynamic properties of a MV in response to driving forces such as magnetic fields and spin-polarized currents, owing to its nontrivial static [1] [2] [3] [4] [5] [6] and dynamic properties [7] [8] [9] [10] [11] as well as promising potential applications to information storage devices. 12, 13 From a technological point of view, it is thus of great importance to readily control ͑switch͒ the VC orientation. However, such switching has been known to be possible only with the application of a strong static magnetic field, i.e, H Ͼ 2.5 kOe along the VC orientation in order to overcome a huge energy barrier to the VC reversal.
14 On the contrary, recently Van Waeyenberge et al. 15 experimentally demonstrated, using a time-resolved scanning x-ray microscope, that a VC in a Permalloy ͑Ni 80 Fe 20 , Py͒ square dot can be switched even with a small-amplitude oscillating magnetic field ͑field pulse͒. In addition, spin-polarized current has been used to manipulate the MV state in nanodots, 16, 17 and ac in-plane current was used to excite the VC eigenmodes. 18 Moreover, electrical switching of VC orientation was promisingly demonstrated by both numerical calculation and experimental verification. 19 These achievements would be sufficient to attract much attention, because not only the nonvolatile bistates of a MV with either up-or down-core orientation can be scaled down with its ultrahigh density but also the VC bistates can be readily manipulated by currents passing directly through the vortex structure. However, detailed understanding of current-driven VC switching is still lacking. In this letter, we report numerical calculations of the M dynamics of a MV state in a Py nanodot in response to alternating current of different amplitudes I 0 and frequencies around the resonant eigenfrequency 0 of the dot. The nontrivial mechanism of VC reversal and its criteria related to the velocity of VC motion, as well as the additional phenomenon of spin-wave radiation immediately following the reversal, are elucidated.
In the present numerical simulations, we used the Landau-Lifshitz-Gilbert ͑LLG͒ simulator, 20 which enables the calculation of M dynamics based on the LLG equation of motion with an additional term describing the torque exerted by spin-polarized current. 21, 22 This term was used in the form of T s =−͑u · ٌ͒m, as suggested in Ref. 22 , where m = M / M s , u =−jPg B / ͑2eM s ͒ with the current density j, the spin polarization P of the current ͑P = 0.7 for Py͒, the Landé splitting factor g, the electron charge e, the saturation magnetization M s , and the Bohr magneton B . T s corresponds to the "adiabatic" approximation, 22 which for the case of MV dynamics was justified by Kasai et al. 18 In the modeling, we chose a diameter of 2R = 600 nm and a thickness of L = 20 nm for the Py nanodisk. This model yields an initial M state of a single MV with the down-core orientation and counterclockwise in-plane M rotation, as shown in Fig. 1͑a͒ . The vortex gyrotropic eigenfrequency in the given model was determined to be 0 = 300 MHz. In-plane ac, I͑t͒ = I 0 sin͑2t͒, of different and I 0 values were applied along the x axis of the dot. Under the applied ac current, the VC position deviates from its initial center position and shows its spiral motion around the dot center, and then the VC orientation can be switched opposite to the initial core orientation under some conditions, as shown in Fig. 1͑b͒ . Figure 2͑a͒ shows the resultant dynamic evolution of the VC motion at ͑I 0 , ͒ = ͑7.2 mA, 300 MHz͒, illustrated by perspective-view images of the out-of-plane M components ͑represented by height and color͒ at the indicated times. The applied values of and I 0 correspond to the 0 and a current density j 0 =6ϫ 10 7 A/cm 2 , respectively. Upon the application of I͑t͒, the VC begins to move and deviate in position from the dot center, and then shows its spiral-like motion, as indicated by its VC trajectory ͑blue curve with arrows͒, in the time interval of t =0-16 ns, shown in the top of Fig. 2͑b͒ . When the VC velocity reaches a critical value c = 340± 20 m / s in the given dot, the initial down-core ͑blue curve͒ orientation is switched to the up-core ͑red͒ orientation ͑see moment 5͒. The reversed VC changes the sense of its gyrotropic motion from the clockwise ͑blue͒ to counterclockwise ͑red͒ rotation.
7,8 For = 0 , it is clear that VC reversal repeatedly takes place when the reversed VC velocity reaches c = 340± 20 m / s again, as seen in Fig. 2͑c͒ . The first VC reversal occurs in a time of 12.75 ns, and the next serial reversals occur every 3.3± 0.15 ns.
In order to investigate the effects of and j 0 on VC reversal, we conducted the same simulations with different j 0 and values. The VC trajectories in the time period of t =0-16 ns and the VC velocity versus time are shown for different values at j 0 =6ϫ 10 7 A/cm 2 in Fig. 3͑a͒ and for different j 0 values at = 0 = 300 MHz in Fig. 3͑b͒ . The results showed that the VC reversal can be effectively manipulated at close to 0 , and even at = 0 a sufficiently large current density is required for the VC switching. For example, at = 0 , current densities less than 4 ϫ 10 7 A/cm 2 do not lead to VC reversal, but affecting the orbital size of the VC gyromotions. According to the velocity-versus-time curves shown in Fig. 3 , VC reversal always occurs when the VC velocity reaches c = 340͑±20͒ m / s in the given dot. It is obvious that the VC orientation switches very effectively in the cases of ϳ 0 , 11 and that at the given value of , there exists a certain threshold value of j 0 for VC reversal. Driving force parameters such as and j 0 do not affect the value of c that is given for the material and geometry. In order to identify the parameters governing c , further quantitative studies employing both micromagnetic simulations and theoretical approaches are necessary.
As the next step, it is necessary to clarify the underlying mechanism of the observed VC switching. We plotted the detailed dynamic M distributions in a local area nearby the initial VC position at the times indicated in Fig. 4 . A close look at the microstructure of each stage of the dynamic evolution shows that the VC reversal process is more complicated than a simple switching between the down-and upcore orientations. With increasing VC velocity, the initial MV structure begins to deform, the VC deformation maximizes, and the in-plane curling M structure becomes more elongated ͑indicated in moment 2͒. These deformations lead to the concentration of the dipolar and exchange energies, and hence their energy densities markedly increase in the area nearby the core position. The out-of-plane M component in this area also increases at the expense of the dipolar energy as the in-plane M structure of the MV becomes more deformed. Thus, a vortex-antivortex ͑V-AV͒ pair ͑V ↑ -V ↑ ͒ eventually nucleates nearby the initial VC ͑at moment 2͒. The nucleated V-AV pair has parallel core orientations opposite to that of the original VC ͑V ↓ ͒. Due to their attractive interaction, accordingly, the nucleated V ↑ and the original V ↓ move closer, 23 and finally annihilate ͑see moment 3͒, reducing the exchange energy that was previously stored as a result of the presence of the additional VCs in the V ↑ -V ↑ pair. Therefore, the MV state in the dot after the reversal process is the remaining V ↑ ͑see moment 4͒. These processes occur continuously and repeatedly in response to the ac, as already shown in Fig. 2 . Immediately after V-AV annihilation, the excess energy offered by the ac is emitted in the form of spin waves ͑see moment 4͒. 23 The spin waves, of discrete gigahertz-range frequencies, are emitted from the V-AV annihilation point, then propagate to the dot border and reflect from it, forming an interference pattern. 24 We found that this unexpected dynamic process is mediated by the serial process of the creation of a V-AV pair and the subsequent annihilation of the initial MV and the created AV. Such a reversal mechanism has also been found in VC reversals driven by small-amplitude in-plane oscillating magnetic fields. 15, [23] [24] [25] Current-and magnetic-field-driven VC reversals show their similarity in the underlying mechanism and are pure dynamic ultrafast ͑Ͻ0.1 ns͒ processes ͓see the time interval from state 3-5 in Fig. 2͑c͔͒ , reflecting the relation of the time scale to the strong exchange interaction. This allows the VC reversal to occur on a few tens of picosecond scale with relatively low currents of 6 -10 mA in the given dot when ϳ 0 . Further studies on VC reversal criteria are underway.
To conclude, the results of the present study amount to a signal opportunity to use VCs for ultrafast information storage and recording in the subterahertz frequency range and as a source of high-amplitude spin waves. 
